Abstract Unsteady dielectric barrier discharge (DBD) plasma aerodynamic actuation technology is employed to suppress airfoil stall separation and the technical parameters are explored with wind tunnel experiments on an NACA0015 airfoil by measuring the surface pressure distribution of the airfoil. The performance of the DBD aerodynamic actuation for airfoil stall separation suppression is evaluated under DBD voltages from 2000 V to 4000 V and the duty cycles varied in the range of 0.1 to 1.0. It is found that higher lift coefficients and lower threshold voltages are achieved under the unsteady DBD aerodynamic actuation with the duty cycles less than 0.5 as compared to that of the steady plasma actuation at the same free-stream speeds and attack angles, indicating a better flow control performance. By comparing the lift coefficients and the threshold voltages, an optimum duty cycle is determined as 0.25 by which the maximum lift coefficient and the minimum threshold voltage are obtained at the same free-stream speed and attack angle. The non-uniform DBD discharge with stronger discharge in the positive half cycle due to electrons deposition on the dielectric slabs and the suppression of opposite momentum transfer due to the intermittent discharge with cutoff of the negative half cycle are responsible for the observed optimum duty cycle.
Introduction
Active flow control by plasma aerodynamic actuation technology shows sufficient promise in stall separation control on airfoils [1] . That is due to plasma actuators' special features, including a fully electronic and selfcontained design without movable parts, a fast time response for an uncertain environment, easy real-time control parameters, a wide action frequency range, simple construction and a very low mass [2] . The dielectric barrier discharge (DBD) is usually uniform, disperse and steady, so it is widely considered as a plasma actuator to control flow actively [3−5] . Up to now, plasma aerodynamic actuation by steady DBD is employed to realize effective stall separation suppression on slabs and airfoils [6−10] . However, the flow control on the airfoil boundary layer by steady DBD plasma aerodynamic actuation can hardly meet the needs of the application due to its limited aerodynamic actuation effects, including the low lift coefficient increase, low induced flow speed, low energy transfer efficiency and high threshold voltage. For example, a high threshold voltage of about 3000 V is usually required for steady DBD actuation to realize effective stall separation control [11] . Recently, different unsteady aerodynamic actuation approaches utilizing millisecond pulse, microsecond pulse or nanosecond pulse discharge, are applied in airfoil flow control. Based on these approaches, controllable free stream speeds, induced flow speeds and lift coefficients could be improved to some extent under unsteady aerodynamic actuation [12−15] . However, the discharge characteristics and flow field structures are still not thoroughly explored both experimentally and numerically since the discharge time of unsteady actuation is relatively short especially in the case of microsecond or nanosecond pulse discharge, and complex chemical reactions are commonly expected in air during unsteady discharge. The action and coupling mechanism of plasma and boundary layer flow under unsteady actuation is not fully understood, therefore, it is still difficult to readily determine the optimum exciting parameters of DBD plasma aerodynamic actuation through neither experiments nor modeling simulations [16, 17] . Up to now, the optimum parameters of plasma actuators for flow control have commonly been studied based on aerodynamics, and it is widely accepted that the best control effect is obtained when the Strouhal number equals to one [18] . While the Strouhal number is the function of the shedding frequency of separated vortex, flow speed and the characteristic length, only the optimum applied frequency can be determined according to it. In this paper, unsteady DBD plasma actuation tunnel experiments are performed on NACA0015 airfoils to investigate the optimum duty cycle of unsteady aerodynamic actuation. The optimum duty cycle for plasma aerodynamic actuation is also verified based on momentum transfer theory and the discharge characteristics of steady DBD. Pressures on the NACA0015 airfoil surface are measured under plasma actuation excited by intermittent DBD with varying duty cycles in the range of 0.1 to 1.0. The optimum duty cycle is ascertained through the lift coefficients and threshold voltages in comparison between steady aerodynamic actuation and unsteady actuation with different duty cycles. The optimum duty cycle can be obtained in this way avoiding the analysis of complex chemical reactions and the action and coupling mechanism of plasma and airflow.
Experimental details
Wind tunnel experiments are performed in a low speed wind tunnel loop with rectangular cross-section where the length of the wind tunnel is about 10 m, which provides a free-stream with speed from 5 m/s to 130 m/s, and its working cross-sectional size is 200×200×600 mm
3 . An academic NACA0015 airfoil is employed and tested in a free-stream speed range of 12 m/s ≤ v ≤75 m/s and an attack angle range of 12
o . In order to determine the optimum duty cycle, the surface pressure distribution on the airfoil is measured under plasma actuation excited by intermittent DBD with varying duty cycles from 0.1 to 1.0 at the applied voltages ranging from 2000 V to 4000 V with a frequency of 10 kHz. The experiments are repeated no less than 20 times under each set of free steam speed, angle of attack and duty cycle to confirm the consistency of results. Pressure coefficients and lift coefficients are calculated according to the pressure data through developed programs. Fig. 1 presents a photo of the polytetrafluoroethylene airfoil used in the present study with a chord length of 127 mm and a span-wise length of 132 mm, as well as a schematic drawing of the measurement setup as an insert image. Pressure measuring holes are drilled symmetrically on both sides of the airfoil. Acryl glass baffles are arranged to eliminate the effect of the end surface.
The airfoil is connected with a stepper motor and controlled by a computer, allowing it to rotate around to adjust the attack angle in the range from 0 o to 360 o . A high ion density and dense ionization DBD plasma actuator is successfully developed based on the principle and method of strong-field ionization discharge at atmospheric pressure. The aerodynamic actuation by dense ionization discharge improves the aerodynamic performance of airfoils and makes the controllable free steam speed increase from 25 m/s to 70 m/s. Fig.1 The photograph of NACA0015 airfoil set with DBD plasma actuator and its schematic drawing of pressure measuring design Fig. 2 shows schematically the cross-sectional structure for the DBD plasma actuator. The DBD plasma actuator is flush mounted in the groove on the airfoil surface. The groove with the length of 132 mm, the width of 14 mm and the depth of 0.5 mm is slotted at the position of the normalized coordinate b of 0.1 on the airfoil's upper surface. The normalized position coordinate b is the ratio of the distance from the point on airfoil's upper surface to the leading point to the full length of the airfoil chord. The actuator is composed of a dielectric slab and two electrodes where one is an air-exposed electrode and silvered, the other is a buried electrode made of stainless steel with a size of 120 × 3 × 0.5 mm 3 . They are separated by the dielectric slab made of α-Al 2 O 3 ceramic (dielectric constant is 10). The separation between two electrodes is 2 mm. . 3 shows the discharge glow image of an unsteady DBD plasma actuator excited under an alternating current voltage of 2200 V. It is observed that, filamentary discharge occurs at a local position during the beginning stage of discharge with a low applied value, and then the discharge disperses gradually along the internal side of the air-exposed electrode with the increase of applied voltage, and finally the discharge stabilizes simultaneously with ozone releasing presenting a uniform and blue-violet surface current discharge pattern. Fig. 4(a) ). The similar tendency is also confirmed at the other free stream speeds and the angles of attack under different applied voltages within the range of our experiments. For example, in case of a free stream speed of 35 m/s and an angle of attack of 20.5 o under an applied voltage of 3300 V (Fig. 4(b) ), the stall separations are suppressed at the duty cycles of less than 0.5, while they are not suppressed under steady actuation and unsteady actuations with duty cycles higher than 0.5. It is revealed that the threshold voltages of unsteady aerodynamic actuation with the duty cycles less than 0.5 are lower than those of steady actuation at the same free stream speeds and attack angles. Fig. 5(a) (Fig. 5(b) ).
In correlation with the curves in Fig. 4 , where the lower the pressure coefficients are for the first measuring hole on the upper surface of the airfoil, the bigger the lift coefficients are because the pressure coefficients for the other measuring holes are very close showing an overlap for the curves with different duty cycles. It is indicated that in the present cases, the curves possessing the lowest pressure coefficients for the first measuring hole, correspond to the most effective plasma aerodynamic actuation performance with the highest lift coefficients. Moreover, the lift coefficient curves are some parallel lines for the coefficients fluctuating around the higher value as the applied voltages exceed the threshold voltages, so the threshold voltages are determined to be the optimum applied voltages. Those parallel lines with duty cycles less than 0.5 are higher than the lines of duty cycles over 0.5 as shown in Fig. 5 , indicating a better aerodynamic performance achieved under intermittent discharge with duty cycles less than 0.5, and optimum effects are also achieved under the duty cycle of 0.25. Stall separations are not suppressed under the duty cycle of 0.1 shown in the figures above because the actuation time is too short to implement energy and momentum transfer. o . It is indicated that the threshold voltages increase with the increasing duty cycles in the range of 0.25 to 1.0. It is again confirmed that, the unsteady plasma actuation with the duty cycles less than 0.5 has reduced threshold voltages and the lowest one is under the duty cycle of 0.25. Based on experimental results, the improvement of flow control effects can be achieved under unsteady actuation since it decreases the threshold voltages and increases the lift coefficients. Among all the duty cycles in experiments, the minimum threshold voltages and the maximum lift coefficients are obtained under a duty cycle of 0.25, by which the optimum duty cycle is thus determined. 
Theoretical analysis
Non-uniform discharge behavior is one of the important characteristics for DBD [19] . Fig. 7 gives the schematic diagram of flash-over voltage and current characteristic curves for steady DBD plasma actuator. It is shown that the discharge mainly occurs during the applied voltage either rising to a peak or decreasing to a valley from zero, and no discharge happens as the voltage decreases from the peak or rises from the valley to zero. It should be noted that, the discharge in the positive half cycle of the voltage is much stronger than that in the negative half, as indicated from the highest current during this period. The nonuniform discharge can be understood according to charges and momentum transfer processes. Due to a much larger mass of ions than that of electrons, the ions play a key role in momentum transfer through the collisions between neutral air molecules and charged particles [20, 21] . In addition, the body forces due to positive ions are much bigger than those due to electrons and negative ions according to numerical calculation [22] , and thus the momentum transfer is mainly caused by positive ions and the direction of induced flow is reasonably determined by the motion of positive ions.
During the negative half cycle of alternate voltage, the air-exposed electrode is in negative potential. A great number of electrons are produced for electron avalanche amplification when they move to the buried electrode. Those electrons are hindered by the dielectric slab and deposited on its surface. As the electric field turns and the air-exposed electrode is in positive potential, a great number of deposited electrons move towards the air-exposed electrode so fast that it causes a stronger discharge. Numerical modeling results also indicate that the ions density in the positive half cycle is about ten times of that in the negative half cycle [23] . Therefore, a stronger discharge occurs in the positive half cycle and the momentum transfer efficiency is also about ten times of that in the negative half cycle. The electron deposition occurring in the negative half cycle makes the discharge stronger in the positive half cycle. It is believed to be the reason for non-uniform discharge of DBD. In the case of the positive half cycle, the positive ions move towards the buried electrode.
Since the direction of induced flow is determined by the motion of positive ions, the induced flow is from the buried electrode to the air-exposed electrode in the negative half cycle and the direction returns in the positive half cycle. Since the direction of the free stream is from the air-exposed electrode to the buried one, the induced flow caused by plasma in the positive half cycle is a uniflow and it is a contraflow in the negative half cycle. The uniflow produced in the positive half cycle is much stronger than the contraflow produced in the negative half cycle because the discharge is much stronger in the positive half cycle according to the nonuniform discharge characteristics. Therefore, the induced flow is generally a uniflow even for a steady plasma discharge.
Comprehensively consider the non-uniform flashover characteristics of DBD, if an intermittent discharge with the duty cycle of 0.5 is applied on a DBD plasma actuator, discharge will only occur in the first half cycle and it will be cut off in the second half cycle. In this way, the contraflow and opposite momentum transfer are suppressed, by which the flow control effect is promoted. As no discharge occurs in the second quarter of the cycle, 0.25 is considered to be the optimum duty cycle taking energy saving into consideration. This conclusion is in good agreement with the experimental results. Better aerodynamic actuation performance with lower threshold voltages and higher lift coefficients are obtained when the duty cycles is less than 0.5, which is due to the fact that intermittent discharge cuts off the discharge in the second half of the cycle and suppresses the opposite momentum transfer. While the higher threshold voltages are needed and lower lift coefficients are obtained for the effective stall separation control with the duty cycles bigger than 0.5, because discharge in the second half of the cycle still exists and the opposite momentum transfer cannot be suppressed completely.
Moreover, the experiment results also show that not all the unsteady aerodynamic actuation performances are better than those under steady actuation, i.e. the lift coefficients under duty cycles 0.75 and 0.9 are smaller than that under steady actuation with a duty cycle of 1.0, and their threshold voltages are the same. The aerodynamic actuation effects under 0.4 and 0.5 are also not as good as that for the duty cycle 0.25. The reasons for the above results are mainly due to the continuous conduction current driven by an external electric field. Charged particles move very fast driven by the strong resultant electric field of the external field and the internal intrinsic field during discharge, and produce the discharged jet flow, i.e. discharge current, dominating the charged particles' directional motion. Another coexisting and continuous current, the conduction current, is produced by the external field. In the case of no discharge occurring as the applied voltages are less than the breakdown voltages, the existing external electric field still contributes to the directional motion by which the charged particles are driven and form a weak conduction current by the external electric force. This is confirmed by the fact that the current is continuous at steady discharge mode. In the case of an unsteady mode with intermittent discharge, since the phase of discharge current is π/2 behind that of applied voltage, the current in the second quarter is the weak negative conduction current without discharge, which causes contraflow and opposite momentum transfer. Therefore, the flow control effects under the duty cycles of 0.4 and 0.5 are not as good as that under 0.25. On the contrary, the conduction current in the first and fourth quarters is positive, which causes uniflow and benefits the momentum transfer. Since the positive conduction current in the fourth quarter exists longer under a duty cycle of 1.0 than the situation under the duty cycles of 0.75 and 0.9, the lift coefficients under the duty cycles of 0.75 and 0.9 are smaller than that under the duty cycle of 1.0.
In the case of a duty cycle of 0.1, no discharge occurs for low voltage or the discharge is inadequate, leading to no or an inadequacy of energy and momentum transfer, so stall separation is not suppressed at the duty cycle of 0.1. Although the intermittent discharge may weaken the discharge to some degree for less electron deposition, plasma aerodynamic actuation is still improved as proved by experimental results, indicating that the discharge is already established with sufficiently strong intensity before the current is cut off.
According to the analysis above, the optimum duty cycle is determined to be 0.25. The non-uniform DBD discharge with stronger discharge in the positive half cycle due to electrons deposition on the dielectric slabs induces a uniflow determined by the motion of positive ions, promoting the plasma actuation performance. Simultaneously, the intermittent discharge with cutoff of the negative half cycle effectively suppresses the oppo-site momentum transfer during the negative half cycle, which is detrimental to the stall separation suppression process. Therefore, the outcome of an optimum duty cycle is attributed to the superimposing effects of nonuniform DBD discharge with stronger discharge in the positive half cycle and the intermittent discharge with cutoff of the negative half cycle.
Conclusions
a. Unsteady DBD plasma actuators are successfully developed based on the principle and method of strong-field ionization discharge at atmospheric pressure to improve the aerodynamic performance of NACA0015 airfoils.
b. According to the comparison of lift coefficients and threshold voltages under steady DBD actuation and an unsteady one with different duty cycles, the optimum duty cycle is determined to be 0.25 at the free-stream speeds range of 12 m/s ≤ v ≤ 75 m/s and attack angles range of 12 o ≤ α ≤ 23 o for the NACA 0015 airfoil by which the best flow control effects are obtained with highest airfoil lift coefficients and the lowest threshold voltages.
c. The experimental results are analyzed theoretically based on the discharge characteristics of DBD and momentum transfer theory. The non-uniform discharge due to electrons deposition on the dielectric slabs for DBD and the suppression of opposite momentum transfer due to intermittent discharge are responsible for the observed optimum duty cycle. 
